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ABSTRACT 
Previous investigation on the Mo-Si-B phase diagram was reviewed. Six Mo-Si-B 
samples around Tl region were studied to characterize phase transformations using chemical 
analysis, X-ray diffraction analysis, differential thermal analysis, and scanning electron 
microscopy. The studies were focused on two ternary phase transformations, III: L - Mo+ 
T2 + Mo3Si, and IV: L - Tl+ T2 + Mo3Si. Previous confusion about the nature of reaction 
IV was clarified to be eutectic reaction. Phase transition temperatures were determined to be 
1924±3°C and 1938±3 °C for reaction III and IV, respectively. Heat of phase transition for 
III and IV was calculated from DTA measurement to be 5.95x105J/kg and 8.99x105J/kg, 
respectively. 
It is particularly important to solve the containment problem in ultrahigh temperature 
DTA instrument prior to the phase transition studies for Mo-Si-B system. Yttria-stabilized 
zirconia was found to be a satisfactory liner material to protect tungsten crucible in that it 
was compatible with Mo-Si-B samples, while maintaining the validity of the DTA 
measurement. 
Nitrogen was determined to be the only suitable inert atmosphere for carrying out 
ultrahigh temperature DT A experiments because it helped stabilize the type C 
thermocouples. The reason might be a nitride layer was formed on the surface of 
thermocouples to prevent evaporation of thermocouple material at ultrahigh temperature. 
Argon and helium have been discovered to be improper as inert atmosphere since they 
caused thermocouple drift. 
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CHAPTER 1: INTRODUCTION 
1.1 Oxidation and mechanical properties of molybdenum silicides 
Currently there is a need for a new class of materials that can withstand higher 
temperatures for applications such as next generation heat exchangers or power generators. 
Greater efficiency can be achieved if the devices can be operated at a higher temperature. 
Advanced materials for service at high temperature, such as 1600°C, must combine strength, 
creep resistance, fracture toughness, and oxidation resistance over the temperature range 
between room temperature and the maximum service temperature [ 1]. 
One family of such compounds being investigated for high temperature application is 
the intermetallics. Intermetallics are a large class of compounds composed of two or more 
metals or combinations of metals and metalloids. They typically exhibit properties between 
metals and ceramics, and are generally brittle at low temperatures while being ductile at 
elevated temperatures. Intermetallics are actually thermodynamically unstable at high 
temperatures compared to the parent metal oxides, but the ability of some of these materials 
to form a passivating adherent oxide layer, which acts as a barrier to further oxygen 
diffusion, can make them oxidation-resistant. As an important class of intermetallics, 
silicides tend to form a passivating Si02 layer at elevated temperatures. [1] 
Currently, silicides are being investigated as possible candidate materials for use in high 
temperature (> 1100°C) oxidizing environments because of their unique ability to form a 
glassy Si02 protective layer when oxidized. As long as the glass layer is adherent to the 
underlying material, it prevents further oxidation of the materials underneath. 
Of the silicides, MoSiz has by far received the most attention due to its excellent 
oxidation resistance, high melting temperature (T m=2020°C), and moderately low density of 
6.24 g/cm3• MoSiz is well known to have a good oxidative stability up to 1700°C in air 
environment due to the formation of a passivating Si02 coating. However, monolithic 
MoSiz, in single crystal and polycrystalline forms, has a high temperature ductile-to-brittle 
transition temperature of 1000°C and is simply not adequate for structural applications 
because of its poor strength and brittleness at low temperatures and insufficient high 
temperature creep resistance. [ 1] 
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At temperatures ranging from 400-600°C, MoSi2 shows catastrophic oxidation behavior 
resulting in pesting, which is basically caused by simultaneous oxidation of Mo and Si [2]. 
Fitzer et al [ 4] concluded that pesting phenomenon was not an intrinsic property of 
MoSh and that it required the presence of initial microcracks and pores in the material. 
It is indicated by Kurokawa et al [ 1] that cracks initiate from the surface or edge of 
specimen and propagate inwardly, resulting in pesting. Water vapor also accelerates the 
pesting of MoSh. However, the influence of H20 can be sufficiently suppressed by using 
fully dense MoSh without defects on the surface, which further demonstrates the necessity of 
defects in the pesting of MoSh [2]. 
MoSh has a high oxidation resistance at high temperatures. Reaction 
2MoSh + 702 ~ 2Mo03 + 4 Si02 
occurs at temperatures lower than 1000°C. Reaction 
5MoSh + 702 ~ MosSh + 7Si02 
prevails at higher temperatures. Oxidative stability of MoSh, following initial oxidation of 
surface at moderate temperatures ( 400<T <600°C), depends on the temperature range that it is 
subjected to. At T>750°C, Mo03 volatilizes leaving behind a layer of Si02 on the surface of 
MoSh, which effectively prevents diffusion of oxygen from attacking the MoSh underneath. 
At T <700°C, Mo03 does not volatilize and the oxide layer is highly porous, providing an 
easy passage for oxygen diffusion, which ultimately leads to pesting [3]. 
Yanagihara et al [ 11] studied the effects of ternary elements on pesting, and showed 
that the third elements with higher affinity to oxygen than silicon effectively prevented pest 
disintegration. 
Although MoSh has excellent oxidation resistance at temperature from 1000°C to 
1700°C in air, it has a high creep rate above 1200°C, making it unsuitable as a high 
temperature structural material. Mo5Sh, on the other hand, has a very large and complex unit 
cell, which contains four formula units. A large and complex unit cell, with a large Burger's 
vector, is the reason that researchers consider Mo5Si3 would have a better creep resistance 
than MoSh [l]. Meyer et al verified this by creep experiments and found that the creep rate 
of MosSh is at least an order of magnitude lower than that of the published values for MoSh 
[6]. 
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The melting temperature of Mo5Sh, which is 2180°C, has been found to be higher than 
MoSh. The oxidation resistance of Mo5Sh has generally been reported to be unacceptable 
for high-temperature use in air. It is characterized by porous scale formation and oxidative 
loss of Mo below about 1650°C. [4] 
Bartlett et al explained the oxidation of Mo by the partial pressure of oxygen at the 
oxidation interface [5]. The model is based on the premise that, in order to maintain P02 at 
the level thermodynamically indicated by Si/Si02 equilibria, the rate of Si supply to the 
oxidation interface must be faster than the rate of Si consumption due to reaction with 0 2. If 
the Si supply rate is slower than Si consumption rate, the oxidation interface become silicon-
depleted and oxygen partial pressure at interface increases. An increasing in P02 will lead to 
oxidation of Mo and volatilization as Mo03, causing the scale to rupture and become non-
passivating [5]. At higher temperatures, Si diffusion rate is sufficiently high and no Mo is 
oxidized. A protective Si02 layer is formed. 
At lower temperatures ranging from 600-1000°C, it has been shown by Meyer et al that 
doping 1-2 wt% boron significantly improves the oxidation resistance of MosSh by several 
orders of magnitude [6]. Mechanism of high oxidation resistance of boron-doped MosSiJ is 
also explained by Meyer et al. At 600°C, the scale is composed of three distinct areas: small 
pockets of borosilicate glass and almost pure Mo03 are surrounded by a matrix of mixed 
molybdenum and silicon oxides. At 633°C, larger Mo03 crystals begin to form around 
"pure" Mo03• At 750°C, Mo03 begins to sublime, which leads to the decrease of both 
number and size of Mo03 crystals. At 775°C, Mo03 crystals cover half the surface and the 
remainder is composed of porous borosilicate glass. Viscous flow starts at 1000°C and then a 
coherent protective layer is formed. 
Oxygen pressure at oxidation interface, porosity and viscosity are the keys for forming 
a protective layer. If oxidation is limited by oxygen diffusion, oxygen partial pressure will be 
fixed by the Si/Si02 equilibria. Si02 has a much lower free energy of formation than any 
molybdenum oxide. The dominant oxidation reaction will be: 
MosSh + 302 -7 5Mo + 3Si02 
A silicon-depleted and molybdenum rich interlayer will thus form. 
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On the other hand, if the partial pressure of oxygen at the interlace is high enough to 
oxidize molybdenum, the following reaction is expected to occur:: 
2MosSb + 2102 ~ 10 Mo03 (volatile)+ 6Si02. 
The reaction predicts a mass loss due to volatilization of Mo03. A metallic Mo interlayer 
will not form. 
When viscous flow doesn't close pores, porosity of the layer determines the steady state 
oxidation rate. When viscous flow forms a coherent layer, oxidation is controlled by 
diffusion rate of oxygen through the layer [ 6]. 
Another important molybdenum silicide, MosSiB2 also has a high melting temperature of 
over 2100°C. In order to study the solid-liquid phase transformation, the instrument must 
have the capability of over 2200 °C. 
1.2 Phase diagrams of Mo-Si-B system 
Nowotny et al studied the Mo-Si-B system during their research into the stabilizing 
B 
Fig 1.1 Isotherm at 1600°C of Mo-Si-B ternary phase diagram [7] 
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effects of small dopant atoms on the crystal structure of Mos+ySh-y [7]. Their work generated 
the 1600°C isotherm of Mo-Si-B system. However, due to the fact that they employed fairly 
low purity starting materials, the accuracy of the published isotherm is in question. 
It has been shown elsewhere [6] that boron-doped Mo5Sh can reach an oxidation 
resistance comparable to that of MoSh. This boron-doped Mo5Sh generally doesn't show 
catastrophic oxidation at intermediate temperature, except that Summers et al indicated that 
Tl-MoSh-MoB (70vol% Tl, 20vol% MoSiz, and 10vol% MoB) samples showed pesting 
behavior between 660°C-760°C [28]. 
The creep strength of Mo5Sh is superior to that of MoSh. However, the fracture 
toughness of alloys in Mo3Si-Tl (Mo5Sh)-T2 (Mo5SiB2) system is likely to be low [12] . The 
alloys consisting of a-Mo, Mo3Si and T2 have higher fracture toughness than the Mo3Si-Tl-
T2 alloys because of the presence of a-Mo. However, their oxidation resistance is lower for 
the same reason [12]. It is likely that the oxidation resistance can be improved by minimizing 
the a-Mo volume fraction, by suitable alloying additions or silicide coatings[l3]. 
Fig 1.2 shows the single phase Tl region in the Mo-Si-B diagram at 1800°C as 
determined by Huebsch et al [1]. The dashed line represents the Tl region from the Nowotny 
1600°C diagram [7] as a reference. The single phase region (shaded region) is based on 
isoo0c 
64 63 62 61 
Mo(at%) 
6() 
Fig 1.2 Experimentally determined Tl region at 1800°C. 
The shaded region is determined by EPMA 
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EPMA results for the Mo/Si, while boron solubility limit is determined from single phase 
samples based on XRD and initial starting composition [ 14]. 
In order to achieve equilibrium at 1800°C, samples were annealed up to 92 hours. 
Although the heat treatment promoted the equilibrium condition, the significant vapor 
pressure of Si at this temperature shifts the Tl composition to Mo rich side. The homogeneity 
range for Tl phase was determined to be 61.5-62.9 at% Mo and 1-2 at% B. The maximum 
solubility for B occurs at 62.0 at% Mo content [15]. It was found that Nowotny's phase 
assemblages still hold true around Tl, however, the single phase region was much smaller 
than the l 600°C isotherm [7, 14]. 
Study of phase stability of Mo-Si-B alloys in high temperature by Nunes et al gave a 
liquidus projection for Mo-rich side of the Mo-Si-B system [16]. The projection (Fig 1.3) 
gave quite a good idea about the shape of the liquidus surface on Mo3Si-MoB-MosSh region. 
However, the Mo-Mo3Si-T2 region, of which the material exhibits superior mechanical 
properties, does not have many data points. This may be due to experimental difficulties that 
Mo-rich region is very refractory. Furthermore, phase diagram does not show liquidus 
boundaries or phase transitions in detail. 
The liquidus projection for Mo-rich side of the Mo-B-Si system was constructed by 
Nunes et al [16]. In their experiments, melted samples were cast in a copper crucible, and the 
microstructure of the as-cast alloys is examined by SEM (Scanning Electron Microscope) to 
identify the primary phase. The solidification path was also determined basically from 
studying the BSEI (Back-scattered Electron Image) of the as-cast alloys. The positions of the 
uni variant lines were determined by narrowing down the compositions of the samples and 
studying the primary phase of these as-cast samples by SEM [ 16]. This approach to 
determine the univariant lines positions may limit the precision of the result because only 
finite number of compositions can be studied which may not be enough to determine the 
exact position of the univariant lines. The cast samples could also differ from the high 
temperature equilibrium composition. 
Mo 
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Fig 1.3 Liquidus projection for Mo-rich side of the Mo-B-Si system [16] 
Seven ternary solidification reactions are indicated in Nunes' work. They are: 
I: Mo2B +L~Mo+T2 
II: MoB +L~Mo2B +T2 
III: L ~ Mo + T2 + Mo3Si 
IV: Tl +L~Mo3Si+T2 
V: MoB +L~Tl +T2 
VI: MoB +L~Tl +MoSiz 
VII: MoB2 + L ~ MoB + MoSiz 
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1.3 Differential thermal analysis of Mo-Si-B 
Differential thermal analysis (DTA) is a very effective method for studying phase 
transformation and phase diagram since most phase transitions are associated with heat 
exchange. DT A measures the temperature difference between a sample and a reference 
material as a function of temperature while the sample and reference are subjected to a 
controlled temperature program [8]. 
DTA has a number of advantages: solid, liquid and gel samples in the shape of powder, 
films, fabric, etc. are applicable; only small amount of sample is required; the time required 
for measurement is relatively short; the atmosphere in the vicinity of sample can be defined; 
sample can be annealed, aged or cured and their previous thermal history can be erased in 
thermal analysis (TA) measurements [8]. 
However, DTA also has some drawbacks: the observed transition temperature 
represents a non-equilibrium state; the precise temperature and temperature gradient in the 
sample is unknown. [8] 
j r, 
\ 
Tp 
T 
Fig 1.4 Schematic DTA curve of chemical reaction or physical transition [8] 
A typical DTA curve is shown in Fig 1.4. Ti. Te, Tp and Tr are initial temperature, 
extrapolated onset temperature, peak temperature and final temperature for the reaction, 
respectively. Te usually has a relatively good repeatability and is considered the transition 
temperature. The peak height h is proportional to the reaction rate and the peak area S is 
proportional to the reaction heat. 
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Experimental conditions have profound effects on the DT A output. 
Heating rate influences the temperature gradient in the sample. The temperature difference 
inside and outside the sample is minimum when heating rate is very slow (2.5°C/min), and it 
could be as large as 10°C when the heating rate is 40°C/min. Heating rate is an important 
factor in determining the phase transition point [8]. In a DT A test, the transition temperature 
shift to the high temperature side with increasing heating rate. The peak area also decreases 
with decreasing heating rate [17]. 
The slower heating rate is, the closer the system is to equilibrium. However, slow 
heating rate introduces a number of problems. First, a slower heating/cooling rate gives a 
smaller peak in DTA curve [24]. The peak will be eventually too small to be identified with 
decreasing heating/cooling rate. Second, a slower heating/cooling rate will expose the 
specimen to elevated temperature for longer time, which may cause specimen evaporation 
and result in the change of composition. If the oxygen or water vapor pressure in the inert 
atmosphere is not well controlled, slower heating/cooling rate may also cause oxidation of 
specimen, which may change the phase transition temperature [9]. 
For the DTA tests of the Mo-Si-B samples used in this investigation, since the sample 
size is very small (dimension< 3mm), small amount of water vapor or oxygen may 
significantly alter the results. Therefore, a high vacuum (<10-6 torr) is required to evacuate 
the chamber prior to each run. 
The onset transition temperature for the heating curve is more accurate than the one for 
the cooling curve. Significant undercooling tends to indicate much lower reaction 
equilibrium temperature. Since some phase transitions are very sluggish, even under very 
slow heating rate, onset equilibrium phase transition point cannot be directly measured from 
DT A data. Some mathematical extrapolation methods are used to determine the equilibrium 
phase transition temperature from the measured data. 
T = C • S 113 + T0 [9] or T = C • S + T0 
where C is constant, S is heating rate(°C/min), T is measured transition temperature and T 0 is 
equilibrium transition temperature. Only several T and S values are needed to obtain a linear 
extrapolation and determine T 0. [9] 
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Mass and particle size also affect DT A measurement. Temperature gradient exists 
within samples. According to the study by Zhu et al [9], the temperature difference between a 
point in the sample and the center of the sample, .L\T is given by: 
dT = S(b2 - r2) 
6K 
where S is heating/cooling rate, b is sample radius, r is the distance from specimen center to 
the specific point, K is thermal diffussivity of the sample under investigation [9]. 
When the size of sample is small, the temperature difference between the surface of sample 
and the center is small. Thus the above correction becomes negligible. Surrounding 
atmosphere also makes the temperature of the sample uniform and reduce the temperature 
difference between sample and sample holder. 
The peak area A, is dependent on the mass of sample m, heat change of the reaction or 
transition MI, and thermal conductivity k [8]: 
G•m•Ml A=----
k 
where G is the calibration factor, which is determined by measuring a known standard 
sample in the instrument, assuming that G remains constant for different samples. In turn, the 
above equation is used to determine the enthalpy of a reaction. 
The particle size of the sample influences the DTA results. Generally, both initial and final 
transition temperatures decrease with decreasing particle size of the sample [8]. This is due to 
the fact that smaller particle size introduces a larger surface energy to the system. However, 
contribution of the surface energy is negligible compared with the enthalpy of the reaction 
for most of the first order phase transitions. In our experiment, we don't need to be concerned 
about the temperature gradient in the sample since the dimension of Mo-Si-B sample is as 
small as 3mm. 
For accurate measurements, a bulk sample with minimum compositional segregation is 
preferred, because the DT A data of a bulk specimen is much less affected by oxidation than 
that of a powder specimen, in that the bulk specimen has much less surface area [9]. In 
addition, the powder samples may trap air inside and is more difficult to be purged [9]. 
Powders are also easily blown out of the container during the pumping-down process, which 
11 
may cause malfunctioning of the DTA instrument. The Mo-Si-B bulk samples should also be 
shaped such that it has the best thermal contact with the crucible. A small disk generally 
fulfills this objective. 
The atmosphere can often be varied for various DT A tests. Under static atmosphere 
conditions, gaseous products cannot be removed rapidly from the vicinity of the sample. This 
leads to an increase in the partial pressure of the products and the reaction temperature 
increases. Under dynamic or flowing conditions, evolved gases can be removed from the 
vicinity of the sample, and the partial pressure of the products remains low [8]. 
T 
delta T=T wall-Tthermocouple 
(a) 
T 
delta T = T wall-Tthennocouple 
(b) 
wall 
cup 
sample 
thermocouple 
time 
wall 
CUp 
sample 
thermocouple 
time 
Fig 1.5 Temperature distribution during melting event for (a) pure metal, (b) alloys [30] 
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It should also be noted that the reaction between the atmosphere and thermocouple, 
sample holder, gas line or other parts of the apparatus need to be monitored carefully. Some 
of these issues will be discussed in the preliminary experiments section. 
The choice of sample holder, having different shapes and materials, is based on the 
nature of the sample and experimental conditions. Several factors need to be considered: the 
reaction between sample holder and sample, the reaction between sample holder and 
atmosphere, the noise introduced by the holder on DT A/TG signals, the thermal conductivity 
of the sample holder, etc. [8] 
The temperature distribution in the DT A instrument during a melting event is illustrated 
schematically in Fig 1.5. Pure metals are crystalline materials, so the sample temperature will 
be held at the melting point during melting until all solid is converted into liquid. Since heat 
flow exists between the cup and heating element, the cup temperature will continue to 
increase at a slower rate during melting. And so does the thermocouple temperature. The 
temperature difference measured is the difference between thermocouple and the wall 
(heating element). [30] 
The situation for alloys is different. The alloy temperature will continue to increase 
during melting, and so does the cup and thermocouple temperature. From Fig 1.5 we can see 
that the temperature difference for alloy is smaller for alloys than for pure metals. [30] 
DT A instrument measures the temperature difference in terms of voltage difference 
between sample and reference thermocouples. Practically, the extrapolated onset temperature 
is considered as the melting point for pure metals. However, it is recommended that the start 
point of the peak be considered as the melting point for alloys. The peak temperature is 
usually regarded as the liquidus temperature for alloys. 
The maximum temperature gradient between the wall of the sample holder and the 
center of the sample can be calculated according to the following equations [ 18]: 
For a disk: 
For a cylinder: 
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where Sis the sample thickness, "tis the diameter of the sample holder, LiH is the enthalpy of 
the reaction, Cp is the heat capacity of the sample, <I> is the heating rate and k is the thermal 
conductivity [8]. 
The appearance of TG and DT A curves changes as a result of the difference in packing 
density. Loosely packed, coarse materials contain space between particles, which reduces the 
thermal conductivity of the sample [8]. Densely packed samples normally result in a more 
constant transition temperature with heating rate. To keep the experimental conditions 
consistent, samples can be melted in the first run and then do a second run to collect data. 
Kinetics indicates that whenever possible, a heating curve should be used for 
determining melting point instead of cooling curve [9]. A very large under cooling is 
introduced in the solidification process due to nucleation barrier. At least two DTA tests with 
different heating rate are required to determine a single equilibrium point because of the 
kinetic effect of heating rate, as mentioned above. 
Temperature calibration should be performed on DTA instrument at two temperature 
points. One temperature to be calibrated should be lower, while the other should be higher 
than the temperature range of interest. The melting temperature of pure metal is normally 
used for the purpose of calibration [9]. For the study of metallic system, an empty crucible or 
a solid piece of pure refractory metal with same mass as reference is recommended. This 
ensures that the reference material has a stable state, similar thermal mass and heat capacity 
as the sample to minimize the noise level [25]. 
Willemin et al [26] studied high temperature phase equilibria in Ni-Al-Ta system. In 
their work, phase transformation temperatures were determined by monitoring the cooling 
curve and quenching the specimens at a precise moment. The solid-liquid interface is frozen 
in rapid cooling and microstructure was studied. [26] 
For phase analysis, a specimen was quenched as soon as the first cooling peak is 
observed; the first solid is already formed and will be situated at the center of the dendrites in 
the solidified microstructure. Since both the liquidus temperature and the liquid composition 
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(same as the alloy) were known, analysis of the first-formed solid enabled a tie line to be 
determined. [26] 
For a wide range of compositions, the variations in transformation temperatures were 
found to be very slight, making it very difficult to determine the extent of the various 
liquidus regions from the DT A results alone. It was necessary to take into account the 
microstructural morphology, together with phase analyses and identifications (26]. 
However, in many alloys the as-cast microstructure was modified by solid-state 
transformations, so that considerable care was required in interpretation. It showed that the 
first solid phase formed during solidification could be identified only in the alloy, which was 
quenched immediately upon reaching the liquidus. 
Willemin et al analyzed 85 different compositions and eventually gave a liquidus 
surface and univariant lines in the Ni-rich region of Ni-Al-Ta system [26]. They identified 
five primary phase regions namely 7t, o, ~. y', and y, the composition range of these regions 
as well as the uni variant lines in Ni-NiAl-Nh Ta triangle. 
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CHAPTER 2: PRELIMINARY ISSUES OF DTA INSTRUMENT 
2.1 Materials compatibility issues 
2.1.1 Reaction between Mo-Si-B samples and tungsten crucible 
Phase transition temperature, heat of reaction and the reaction rate can be obtained 
from DT A signal, which is ideal for determining melting or solidification temperatures. 
Thermogravity (TG) signals give the mass change of sample under controlled temperature 
program, which indicates change in sample mass at any given temperature [8]. 
Operating temperature of standard TGA/DT A instruments range from room 
temperature up to 1500°C. However, measurement for Mo-Si-B requires ultra-high 
temperature capability up to 2400°C. Working at such high temperature brings a number of 
issues. Besides the requirement for high temperature capability of the furnace itself, materials 
compatibility problem for sample and container becomes a serious concern at this 
temperature regime. Reactions between sample and sample holder, sample and the 
surrounding atmosphere, the atmosphere and furnace components all have to be taken into 
consideration when the working temperature rises above 2000°C. Therefore, solving sample 
containment problem has become a major issue for carrying out characterization in Mo-Si-B 
experiments. 
Fig 2.1 Significant reaction between Wand molten Tl + MoSiz at 2200°C 
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High melting point and stability make tungsten a qualified material as sample holder in 
high temperature TGAIDT A devices. The DT A instrument (LINSEIS high temperature 
DTA/TG, LINSEIS Inc., Germany) uses tungsten as heating element and sample holders. 
However, molten Mo-Si-B samples turn out to be quite reactive with tungsten at 
temperatures over 2000°C. Preliminary experiments with Mo-Si-Band tungsten foil showed 
significant reaction as indicated in Figure 2.1. 
According to W-Si binary phase diagram [31 ], WSh and W5Si3 will form from liquid 
phase at around 2000°C. Since in the DTA experiment Mo-Si-B sample will be melted and 
have a significant contact area with W sample holder, W-Si or W-Si-B compounds are very 
like to form. 
This type of reaction between the sample and sample holder is not acceptable in that it 
not only gives incorrect signals but also damages the measuring instrument. Forming metal 
solid solutions or metal borides is also not allowed for similar reasons. Therefore, it is 
imperative to find a liner material for the tungsten crucible to contain Mo-Si-B sample. 
Fig 2.2 Sample holders and shields ofDTA instrument 
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The liner material must meet the following requirements: 
(1) It should have a high melting point (>2500°C); 
(2) It should not exhibit any destructive phase transformation as sample heated and 
cooled at relatively high rates; 
(3) It should not react with either the sample (metal silicides) or the atmosphere; 
( 4) It should be processible with reasonable ease and cost. 
As shown in Figure 2.2, sample holder assembly of ultra high temperature TGAIDT A 
unit is quite delicate and the liner needs to fit in the tungsten crucibles provided by the 
instrument. 
After searching around the refractory materials, 8wt% Y 20 3 stabilized Zr02 (YSZ) was 
found to have a high melting point and a stable state at high temperature regime. Molten YSZ 
was sprayed on the rounded tips of pre-made graphite rods. The tips of the rods were then cut 
by a low speed saw (ISOMET, BUEHLER, Lake Bluff, IL) for appropriate crucible size. The 
crucibles were laid on quartz plates and burnt in a tube furnace (HTF55347P4C 24, 
LINDEBERG, New Milford, CT) for 48 hours at 1000°C under flowing air. Finally, the 
crucibles were fired in high temperature furnace (TYPE 46100, THERMOLYNE, Dubuque, 
IA) at 1400°C in air for 2-3 hours to clean the graphite residuals. 
2.1.2 Compatibility of Mo-Si-B and Zr02 in carbon-heating-element furnace 
In order to protect the instrument from being damaged by unexpected reactions, a series 
of experiments were first carried out in a carbon-heating-element furnace (ASTRO, Model 
#1000-2560-FP20, Thermal Technology Inc., Santa Rosa, CA). 
A tantalum foil box was employed to wrap the YSZ crucible and the sample in order to 
prevent the samples and crucibles from being reduced by the carbon atmosphere in the 
carbon-heating-element furnace. Then the furnace was heated up to 2400°C in both nitrogen 
atmosphere and in 95 vol% argon and 5 vol% helium (to prevent arcing at high temperature) 
gas mixture. For the experiment in nitrogen gas, it was obvious that a nitride was formed on 
the Ta foil and the Ta foil wrap was seriously deformed because of the thermal expansion 
mismatch between Ta nitride and the pure Ta. This made it impossible to make an airtight Ta 
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wrap to seal the YSZ crucible and the sample. In the subsequent runs, YSZ crucible was set 
in graphite felt. 
To establish experimental conditions to be used in DT A runs, a number of preliminary 
experiments were carried out for several combinations of sample, holder and atmosphere. 
The observations are shown in Table 2.1. 
Table 2.1 Materials compatibility tests in carbon-heating element furnace 
Sample Description T (°C) Atmosphere Observations 
ID 
YS2 Mo-Si-B is in YSZ 2400 Ar+He Ta box was deformed, 
crucible, which is crucible turned black 
wrapped in Ta box 
YS5 YSZ crucible is mounted 2400 Ar+He Crucible turned black 
in graphite felt 
YS6 Mo-Si-B in YSZ 2400 Nz Crucible turned golden 
crucible is mounted in on surface, and became 
graphite felt brittle 
YS7 YSZ crucible is mounted 2400 Nz Crucible turned golden 
in graphite felt on surface, and became 
brittle 
The Zr02 crucibles tum black for sample YS2 (with Mo-Si-Bin the crucible) and YS5 
(without Mo-Si-B), indicating that the blackening of crucibles is caused by the carbon 
atmosphere rather than the silicides. For samples YS6 and YS7 in N2 atmosphere, color of 
both crucibles turned golden, and both crucibles became brittle. This implied that the 
brittleness of YSZ is due to C + N2 atmosphere but not from Mo-Si-B because sample YS7 
and YS5 differed only in atmosphere. Furthermore, golden coloration was observed only in 
N2 atmosphere. Visual observation indicated that there was no chemical reaction between 
Zr02 and Mo-Si-B in either N2 or Ar+ He atmosphere. 
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BSE (Back Scattered Electron) micrograph of YS2 (Figure 2.3) clearly shows an 
interdiffusion region between Mo-Si-Band crucible material. The thickness of the 
Fig 2.3 BSE micrograph of Mo-Si-B melted in YSZ crucible, argon and helium, 
2400°C, 300x. A: Zr02; B: interdiffusion region; C: Mo-Si-B 
interdiffusion region was less than 0.2mm. A layer of 0.5mm thick Zr02 liner would be 
sufficient to protect tungsten crucible of DT A from the attack of silicide. Further EDS 
analysis indicates that the dark region on Zr02 side (A) shows similar peak intensity for Zr, 
Mo and Si as the dark region in the interdiffusion region (B). Similarly, peak intensities for 
Zr, Mo, and Si for the bright region on Mo-Si-B side (C) are comparable to those for the light 
grains in the interdiffusion region (B). This implies that no measurable chemical reaction 
occurs between Mo-Si-Band Zr02. 
2.1.3 Preliminary experiments in DT A apparatus 
The containment configuration in DTA apparatus is shown in Fig 2.4. An empty 
crucible was fired to 2100°C under N2 atmosphere. The color of crucible turned darker and 
there was a 0.2% weight loss for the YSZ crucible. This enables us to predict the actual 
weight change of sample knowing the TG signals. 
Mo-Si-B sample contained by YSZ crucible (Fig 2.4) was then melted in nitrogen 
atmosphere. No signs of reaction between Mo-Si-B and crucible were seen in optical 
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microscope observations. BSE micrograph (Fig 2.5) of the interface and the EDS spectrum 
further confirmed this conclusion. The interface between Zr02 and Mo-Si-B looked sharp at 
a magnification of 1 OOOx. 
Fig 2.4 Containment configuration for Mo-Si-B in DTA apparatus. 
A: side view; B: top view 
Fig 2.5. BSE micrograph ofMo-Si-B melted in Zr02 crucible in DT A, lOOOx 
A: Zr02; B: Mo-Si-B 
21 
Another issue is to demonstrate the validity and stability of the DT A signals. A mixture 
of 60 wt% Ah03 and 40 wt% Zr02 powder is used as standard sample in order to eliminate 
the influence of interdiffusion between Zr02 crucible and A}i03 sample. Such sample has a 
reported eutectic point at 1866±7°C [10] as shown in Fig 2.6. 
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Fig 2.6 Phase diagram of Zr02-Ah03 system [10] 
The sample was fired in YSZ crucibles as sample holder and reference in nitrogen 
atmosphere with a heating rate of 10°C/min and then 5°C/min. The DTA curve for l0°C/min 
heating rate is shown in Fig. 2. 7. The software allows measurement, such as temperature and 
peak area, on the DTA curve. The melting points for the mixture was 1869.6°C and 1863.3°C 
under heating rate l0°C/min and 5°C/min, respectively. By using the extrapolation method 
stated above [9], the equilibrium eutectic point is 1837.9°C as shown in Fig 2.8. Assuming a 
constant thermocouple drift (for this measuring unit at this time, ~Tm(Ah03) = 33°C), the 
measured equilibrium eutectic temperature is 1870.9°C, which is within 5-10°C of the 
literature value. This result demonstrates the validity of the temperature measurement. 
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The use ofYSZ crucible as liner for tungsten sample holder causes a slightly higher 
noise level. To compensate for that an empty YSZ crucible is used as reference instead of 
empty tungsten crucible to minimize the noise level. This makes sure that signals from phase 
transition are identifiable . 
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Fig 2.8 Extrapolation for equilibrium melting point of 40wt% Zr02 + 60wt% Ah03 
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2.2 Influence of atmosphere on DTA signals 
In order to run a variety of silicides such as Ti-Si-C, argon and helium mixture is 
considered as the inert atmosphere since nitrogen reacts with the titanium silicide forming 
titanium nitride. A mixture of 95 vol% argon and 5 vol% helium is used instead of nitrogen. 
However, the result was not satisfactory even with the standard alumina samples. 
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Fig 2.8 Melting temperature of standard alumina sample in different atmospheres 
Run number 1-13: N1; 14-17: 95 vol% Ar and 5 vol% He; 18-19: N1 
Fig 2.8 shows that the melting point of alumina is constant around 2058±2°C from Run 
#1 to Run #13 with a 25°C/min heating rate in N2 atmosphere. However, the observed 
melting point drops precipitously for every run when the atmosphere is switched to argon and 
helium mixture. The melting point again is stabilized at around 2046°C when atmosphere is 
switched back to N2• This brings a limitation of atmosphere that can be used with this 
instrument. Any sample that reacts with N2 atmosphere is not suitable because N2 is needed 
for maintaining the stability of thermocouples. 
Since drift occurs only in Ar + He atmosphere, it must be the cause of the drift. One 
plausible explanation is that nitrogen helps prevent evaporation of the thermocouples, while 
argon and helium mixture enables this evaporation. A nitride layer may form on the surface 
of the thermocouples in nitrogen atmosphere. The type C thermocouples are made of W-5Re 
alloy and W-26Re alloy. According to the study by Ekstrom et al [29], the nitride layer on 
tungsten surface leads to the attenuation of the oxygen contamination exponentially: 
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I= / 0 •exp(-d I A.) 
where 'A is the oxygen mean free path ('A=l.55 nm), Io en is the intensity before (after) nitride 
layer formation and dis the oxide thickness. Similarly, nitride layer may prevent the 
evaporation of the alloys, maintaining the stoichiometry of the thermocouples, and therefore, 
prevent the drift. 
2.3 Thermocouple Calibration 
Accurate measurement of melting temperature requires calibration of thermocouples 
and frequent check for their stability. 
A number of materials with known melting point were employed as standard for 
thermocouple calibration. Since most of our DTA runs for Mo-Si-B samples were carried out 
at l 800-2200°C, standard materials with melting temperatures ranging from 17 50-2100°C 
were selected. Alumina, platinum, and rhodium, along with Mo-22 at% Si, Mo-25.7 at% Si 
and Mo-34 at% Si compositions were employed for calibration runs. Heating rates ranging 
from 5°C/min to 25°C/min were used to study the effect of heating rate on the phase 
transition temperature. All samples except alumina are contained in YSZ crucible. An empty 
YSZ crucible is used as reference. This containment configuration prevents reaction between 
silicides and tungsten crucible, while minimizing the signal noise level.. Since alumina forms 
solid solution with zirconia and has a eutectic reaction with zirconia at around l 866°C, 
alumina sample was contained in tungsten crucible, with an empty zirconia crucible as 
reference. 
2.3.1 Calibration with alumina, platinum and rhodium 
The calibration run results with Ah03, Pt and Rh are summarized in Table 2.2. The 
extrapolation results for melting temperature versus heating rate are shown in Table 2.3. 
The melting temperatures do not have a definite trend with heating rates for any of the 
three standard materials, which is shown in Appendix II. In fact, the melting temperatures 
fluctuate randomly within uncertainty of the measurement (±3 °C) for heating rate from 5 to 
25°C/min. Alumina shows a positive slope and a relatively good linearity for heating rate 
versus melting temperature plot, while rhodium and platinum show negative slopes. Thus, 
using either T - To= C.S or T - T 0 = C.S 113 will only introduce larger instability knowing that 
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the sign of the slope is uncertain. Therefore, neither of the two mathematical models will be 
used. Instead, the arithmetic average of the measured melting points under 5 to 25°C/min 
heating rates has a fairly good stability for the three materials. The difference between the 
reported melting points and the average value of the measurement will be used to correct 
future measurement. 
Table 2.2 Result of DT A runs for A}i03, Pt and Rh under various heatin~ rates 
Heating rate S (°C/min) Ah03 Pt Rh 
5 2030.3 1750.8 1942.2 ,,Gj 
10 2030.7 1750.1 1941.7 
12.3 2030.5 1749.4 1939.9 
15 2031.4 1749.8 1940.6 
25 2032.6 1749.0 1941.1 
10 2028.1 1752.9 1941.9 
10 2026.2 1751.0 1940.3 
10 2026.7 1748.6 1940.0 
10 2026.6 1749.8 1939.5 
Table 2.3 Extrapolation for A}i03, Pt and Rh samples 
Sample A}i03 Pt Rh 
Tm, reported (°C) 2050 1768.4 1964 
L\ Tm (°C) for various heating rate 2.3 1.8 2.3 
L\ Tm (°C) for 10°C/min 1.9 4.3 2.4 
T-To=C•S 2029.5 1751.3 1172 1941.8 
To (°C) 
T-T o=C•S 113 i.o/], 2026.7 1754.2 1943.5 
Tm,reported-To(S) (°C) 20.5 17.1 22.2 
Tm, reported - T o(S 113) (°C) 23.3 14.2 20.5 
Tm, reported -<Tm> (°C) 18.9 18.6 22.9 
Tm, reported - < T m(10°C/min) > (°C) 23.1 17.8 23.6 
l'l66:r]J. 
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As can be noticed, the measured alumina melting point is different than the previous 
measurement of around 2058°C. The reason is that two different sets of type-C 
thermocouples were used for the measurements. The measured temperature values have a 
strong dependence on the thermocouples, which implies that calibration of thermocouples 
with standard materials before any measurement is necessary. 
We also conclude that the effect of heating rate on the melting temperature for these 
three materials in this DT A unit is negligible, in that the uncertainty of melting temperature 
from various heating rate is comparable to the uncertainty from fixed heating rate of 
10°C/min. It is suggested that a fixed heating rate of 25°C be used for this DT A unit in the 
future. 
2.3.2 Calibration with molybdenum silicides 
In order to better simulate the experimental condition for the Mo-Si-B samples, we use 
three binary Mo-Si alloys as standard materials for the calibration since the binary Mo-Si 
phase diagram has been well established. It is obvious that the melting point for sample #2 at 
12.3°C/min and for sample #4 at 12.3°C/min are not consistent with other data. Statistically, 
these two data points can be discarded as they don't belong to the same population. 
Table 2.4 Result of DTA runs for Mo-18.8at%Si, 
Mo-22.2%Si, Mo-27.9at%Si under various heating rates 
Heating rate S (°C/min) #2 (Mo-18.8Si) #3 (Mo-22.2Si) #4 (Mo-27.9Si) 
5 2000.6 1992.7 1991.8 
10 2001.0 1991.6 1992.1 
12.3 1996.4 1995.3 1999.6 
15 2000.8 1994.4 1991.1 
25 2001.2 1991.3 1995.5 
10 2002.6 1995.0 N.A. 
10 2003.6 1989.8 N.A. 
10 2002.9 1990.3 N.A. 
10 2003.4 1989.7 N.A. 
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Table 2.5 Extrapolation for Mo-Si samples 
Sample #2 (Mo-18.8Si) #3 (Mo-22.2Si) #4 (Mo-27.9Si) 
T ID, reported (QC) 2025.0 2025.0 2020.0 
AT ID (QC) for various heating rates 0.6 4.0 4.4 
AT ID (QC) for 1 OQC/min 1.0 5.3 N.A. 
T-To=C•S 2000.6 1993.8 1990.0 
To (QC) 
T-T o=C•S 113 1999.9 1994.3 1985.8 
TID,reported-To(S) (QC) 25.7 33.1 30.0 
T ID, reported - T o(S 113) (QC) 26.0 37.7 34.2 
T ID, reported -<T ID> (QC) 25.0 31.9 27.4 
T ID, reported - < T ID(l0°C/min) > (QC) 22.9 33.8 N.A. 
The situation for Mo-Si standard materials is similar to alumina, rhodium and platinum. 
The linearity of melting temperature is poor versus heating rate. The melting temperature 
varies randomly within the range, shown in Appendix II. Heating rate does not systematically 
control melting temperature. Therefore, similar action will be taken on the calibration from 
Mo-Si, which is to take the arithmetic average of the melting points under various heating 
rates as the measured value. Then the measured value will be subtracted from the reported 
value to get the correction term. 
For the three Mo-Si standard samples, the differences are 25.0QC, 31.9QC and 27.4 QC, 
averaging 28 QC. Considering the uncertainty of the measured values under different heating 
rates, the calibration equation of the thermocouples of the DT A instrument for molybdenum 
silicides is: 
T0 =<Tm> +28±3QC 
All measured temperature values after this point are after this calibration. 
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CHAPTER 3: PHASE TRANSFORMATIONS OF Mo-Si-B AROUND Tl PHASE 
The study of liquidus surface of Mo-Si-B system in Mo-rich region is based on the 
assumption that the position of each phase, the position of the liquidus boundaries, and the 
position of all the ternary solidification reactions are accurate according to the liquidus 
projection given by Nunes et al [ 16], though some of the reported reaction types are 
questionable. 
3.1 Sample preparation 
It has been reported by Huebsch et al that samples experience significant weight loss 
during arc-melting procedure [1]. Therefore, it is not easy to control the composition of the 
samples if prepared by arc-melting. We adopted an alternative method of sintering mixture of 
Mo, MoB and T 1 powder and annealing at high temperature to reach thermodynamic 
equilibrium and to minimize the weight loss. 
All alloys are prepared from high purity (>99.5%) materials. We use pure Mo metal 
powders (3-7 micron APS 99.95%, Alfa Aesar, Ward Hill, MA), MoB commercial powders 
(325 mesh, 99.5%, CERAC, Milwaukee, wn, and single Tl phase powders (>99.5%) from 
Huebsch's work [l]. Mo, MoB and Tl powders were mixed and ground by mortar and pestle, 
sieved through a 325-mesh stainless steel sieve and pressed into buttons using a 1 Omm 
diameter tungsten carbide lined die at 138MPa. 
The buttons are sintered in tungsten heating element furnace in high purity flowing 
argon for 72 hours at l 780°C. The thermocouples of the furnace are sealed in tubes so that 
atmosphere does not affect the temperature measurement and control. Sintering was chosen 
over arc-melting to produce homogeneous and equilibrium phase assemblage. Also Mo, 
MoB and Mo5SiJ powders were chosen over Mo, Si and B powders as starting materials to 
prevent excessive Si evaporation. The partial pressure of silicon at 1800°C is O.latm, while 
boron and molybdenum are both solid at 1800°C and their partial pressure is 4x10-4 atm and 
2xl 0-6atm, respectively. The evaporation rates of Mo, Si, and B are significantly different 
because of the difference in partial pressure at the sintering temperature. The silicon loss will 
be most significant, and therefore the stoichiometry of the samples will be changed. 
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However, Mo, MoB and Mo5Sh all have low vapor pressures at 1800°C, which minimize the 
change in stoichiometry during sintering. 
X-ray diffraction of sample #4 (Mo-27.9Si) shows that the phase assemblages are 
Mo3Si and MosSh, and no Mo phase is found, while the starting materials are Mo and 
Mo5SiJ. Therefore, it is assumed that thermal equilibrium is reached during sintering. 
Sintered buttons were cut into pellets by diamond saw (Accutom-5, Struers, Cleveland, OH). 
The pellets were used for DTA, chemical analysis, and X-ray diffraction analysis. 
3.2 Chemical analysis of Mo-Si and Mo-Si-B samples 
Mo-Si and Mo-Si-B samples were analyzed for silicon and boron contents using ASTM 
E1097-97 method by Sherry Laboratories (Broken Arrow, OK). The claimed accuracy for the 
measurement is l .Oat% for silicon and 0.2at% for boron. Five unknown Mo-Si binary 
samples, two previously analyzed Mo-Si-B samples, and six unknown Mo-Si-B samples 
were selected for chemical analysis. The nominal composition (starting composition) of these 
samples and the analyzed contents are shown in Table 3.1 and Table 3.2. The nominal 
composition for sample #B represents actually the previous chemical analysis from the thesis 
of Huebsch [l]. 
Table 3.1 Nominal composition and chemical analysis results of Mo-Si samples 
Samples 
Nominal composition (at%) Chemical analysis result (at%) 
Mo Si Mo Si 
#1 90.0 10.0 95.3 4.7 
#2 78.0 22.0 81.2 18.8 
#3 74.3 25.7 77.8 22.2 
#4 66.0 34.0 72.1 27.9 
#5 62.5 37.5 80.6 19.4 
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Table 3.2 Nominal composition and chemical analysis results of Mo-Si-B samples 
Samples 
Nominal composition (at%) Chemical analysis result (at%) 
Mo Si B Mo Si B 
#B 59.7 38.7 1.6 57.0 41.2 1.8 
#B 59.7 38.7 1.6 58.6 39.7 1.7 
#10 65.0 28.0 7.0 68.9 26.1 5.0 
#11 77.0 13.0 10.0 87.0 9.2 3.8 
#12 78.0 20.0 2.0 82.8 17.0 0.2 
#13 61.0 29.0 10.0 68.l 22.6 8.3 
#15 59.0 22.0 19.0 75.8 10.9 13.3 
#16 68.0 24.0 8.0 74.2 20.5 5.3 
According to the chemical analysis results for the previously analyzed sample #B, the 
difference of boron content between the tested value and the known value is O.lat% - 0.2at%. 
The repeatability of the tests is also good since the two tests for identical samples (unknown 
to Sherry Laboratories) differ only O. lat% in boron content. The content of molybdenum is 
calculated by difference. 
DT A run further confirms the accuracy of the chemical analysis. Mo-Si binary phase 
diagram [27] indicates a eutectic temperature of 2025°C for Si composition ranging from 
about 4at% to 25.72at%. But sample #1 (nominal composition Mo-lOSi) is not melted in 
DTA at 2200°C. This implies that the real composition of sample #1 should be in the single 
Mo phase region. The Chemical analysis result of 4.7 + l.Oat% Si for sample #1 explains 
this. Sample #1 may have only 3.7at% of silicon, which makes it in the Mo single-phase 
region. This may bring the melting temperature of sample #1over2200°C. 
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Fig 3.1 Starting sample compositions and chemical analysis results 
of Mo-Si samples in binary phase diagram [27] 
Fig 3.1 shows the starting compositions of Mo-Si samples and the chemical analysis 
results. The most significant difference between starting and analyzed composition manifests 
itself for sample #5. Sample #5 changes from Mo3Si + Mo5Sb phase field to that of Mo + 
Mo3Si. Sample #3 also changes from Mo3Si + Mo5Sb region to Mo + Mo3Si region. This 
kind of composition change was also observed by Huebsch [ 16]. The samples were prepared 
by first arc-melting Mo, Si and B, and then grinding the arc-melted button and sintering the 
powders. Their overall sample composition change is less than our result because they lost 
more Mo during arc-melting, and they lost some Si and B during sintering. 
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Fig 3.2 Starting sample compositions and chemical analysis results 
of Mo-Si-B samples in ternary phase diagram [16] 
Fig 3.2 shows the starting compositions of Mo-Si-B samples and the chemical analysis 
results. The most significant shift in the composition was observed for sample #15. It lost 
1 l.lat% of silicon and 5.7at% of boron. Composition of sample #15 moved from MoB 
primary field across the T2 primary field to Mo primary field. Composition of sample #16 
shifted from T2 primary field to Mo primary field. Similarly, sample #13 shifted from Tl 
primary field to T2 primary field. Sample #10 and #13 are available for studying reaction IV, 
while sample #11, #12, #15 and #16 should end up at ternary invariant III during their 
solidification. 
Silicon and boron evaporation occurs for all the sintered Mo-Si and Mo-Si-B samples. 
The Mo-Si-B samples usually lose up to 10at% of silicon and up to 7at% of boron. 
Therefore, the stoichiometry and even the phase assemblage of the samples are changed, and 
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hence, chemical analysis is necessary to determine the true composition of the sintered 
samples. According to the above discussion for sample #1 and sample #B, it is safe to assume 
that the accuracy of chemical analysis for Si is 2.0at% and for B is 0.5at%. So the accuracy 
for Mo is 2.5at%. On the other hand, it is very difficult to prepare equilibrium condition Mo-
Si-B samples with good composition control because the weight loss of silicon and boron is 
inevitable and cannot be controlled easily. We need to start from higher silicon and boron 
content in order to have the designated compositions with extended sintering process. 
3.3 Determination for the nature of reaction IV 
If we draw the Alkemade lines (Fig 3.2) between these solid phases, we can see that 
reaction IV is in the Alkemade triangle of T2-Mo3Si-Tl. The primary solid phase regions 
around IV are also T2, Mo3Si and Tl. According to phase rule, reaction IV should be ternary 
eutectic: L-7 Tl+ T2 + Mo3Si. Furthermore, the Alkemade line T2-Mo3Si intersects with 
the liquidus boundary between T2 and Mo3Si. The intersection should be a high temperature 
point on the boundary curve, which also indicates that reaction IV should be eutectic. 
However, Nunes et al [16] claimed that reaction IV is a peritectic reaction: L + Tl-7 T2 + 
Mo3Si [16]. The nature of this reaction needs to be re-examined. 
The microstructure of the as-cast sample #13 is shown in Fig 3.3. Since boron is a light 
element which cannot be detected with back-scattered electron detector, the brightness of the 
phases depends on the Mo:Si ratio. Therefore, T2 phase has the highest brightness, then 
Mo3Si, and Tl phase is the darkest. 
T2 phase solidify first and has a relatively longer time for growth, which results in the 
brightest areas in Fig 3.3(a). After the liquid composition reaches the liquidus boundary 
between T2 and Tl, binary eutectic reaction is observed and Tl and T2 phases solidify 
simultaneously. A slightly darker phase forms around the bright T2 phase in Fig 3.3(b ). this 
must be Mo3Si phase. 
At higher magnification (5000x), an even darker phase is evident as finely dispersed in 
this phase. EDS analysis on these brighter and darker spots indicated that the composition is 
close to those relatively large dark (Tl) and bright (T2) regions in Fig 3.3 (b), which 
indicates fine ternary eutectic structures. Based on the sample composition, the ternary 
eutectic reaction yields: 
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L -7 0.9130 • Mo3Si + 0.0435 • Mo5Si3 + 0.0435 • Mo5SiB2 
So the ternary eutectic structure is mostly Mo3Si phase, with small amount of Tl and 
T2, which is consistent with the observation from BSE image. No peritectic structure has 
been observed. Therefore, we conclude that reaction IV is a ternary eutectic reaction. 
Fig 3.3 BSE micrograph of as-cast sample #13. 
(a) 80x, the bright islands are T2 phase; darker areas are the rest phases. 
(b) 1500x, the darkest areas are Mo3Si, brightest areas are T2, and less dark areas are the 
rest phases. 
(c) 5000x, in the middle region, small amount of Tl and T2 phases disperse in the 
majority of Mo3Si phase. 
3.4 DTA tests of Mo-Si-B samples 
3.4.1 DTA test results 
35 
DT A tests were performed using ultrahigh temperature commercial DT A instrument. 
All samples were contained in a tungsten crucible with yttria stabilized Zr02 (YSZ) liner. 
Holder for reference was empty crucible. All tests were performed at a fixed heating and 
cooling rate of 25°C/min during the process of melting and solidification. The nitrogen flow 
rate was 50ml/min. 
Table 3.3 DTA test results for as-cast Mo-Si-B samples 
Sample# 
Composition 
#10 
68.9Mo-26.1Si-5.0B 
#11 
87.0Mo-9.2Si-3.8B 
#12 
82.8Mo-17 .0Si-0.2B 
#13 
68.1Mo-22.6Si-8.3B 
#15 
75.8Mo-10.9Si-13.3B 
#16 
74.2Mo-20.5Si-5.3B 
Tonset (°C) 
of 1st peak 
1936 
1922 
1926 
1940 
1923 
1923 
Other peaks Solidification peaks 
None 1 small, then 1 large 
None 2 large 
Second peak is largest, onset 1 large, then 1 small 
l 989°C, no other peaks 
None 2 large 
Second peak onset 1965°C 2 large, then 1 small 
None 1 small, then 1 large 
Sintered Mo-Si-B samples were cut to small solid pieces with weight around 80mg. 
Each sample was heated up to 2300°C and cooled down to room temperature. Two 
consecutive runs were recorded for each sample. Therefore, samples in the first run are 
considered as-sintered condition, while the samples in the second run are as-cast condition. 
Table 3.3 shows the DTA test results on the as-cast condition Mo-Si-B samples. The DTA 
results of the as-sintered samples are similar to the as-cast samples except that the former 
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exhibit additional noise signals. Therefore, the as-cast samples DTA curves are used for peak 
area calculation. 
The first melting event represents the ternary eutectic reaction. Sample #10 and #13 
starts with congruent melting IV, while sample #11, #12, #15, #16 with III. The reaction 
temperature of III and IV can be calculated by taking the arithmetic average of the onset 
points of the first peaks from Table 3.3. Therefore, 
Tm= 1924 ± 3°C 
Tw = 1938 ± 3°C 
3.4.2 Melting and solidification of the Mo-Si-B samples 
As for melting, it is the reverse process of solidification. However, the difference is that 
solidification completes in a very short time and has a large under-cooling. It is impractical to 
use the temperature measured from solidification to determine the phase transformation 
temperature. But we still can tell the number of solidification reactions from the number of 
solidification peaks. Melting is a continuous process for Mo-Si-B samples. Usually ternary 
congruent or incongruent melting occurs first, followed by a binary congruent melting and at 
last, a single phase melting. There is no distinct boundary on the DT A heating curve between 
these consecutive melting events. The DTA signal for melting is normally a broad peak or set 
of peaks. We consider the onset point of the first peak as the ternary melting temperature. 
Sample #11, #12, #15 and #16 are in the Alkemade triangle of Mo-T2-Mo3Si, so the 
room temperature as-cast phase assemblages should be Mo, T2 and Mo3Si. Sample #10 and 
#13 have room temperature phase assemblages of Mo3Si, Tl and T2 for similar reason. 
According to the phase diagram shown in Fig 3.2, the fraction of each phase in the samples 
can be determined by the lever rule. The results are shown in Table 3.4. 
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Table 3.4 As-cast sample phase assemblages 
Phases Mo (mol%) Mo3Si (mol % ) MosSiB2 (mol % ) 
#11 85.8 11.3 2.9 
#12 65.0 34.8 0.2 
#15 73.2 10.4 16.4 
#16 26.5 64.0 9.5 
Phases Mo3Si (mol%) MosSiB2 (mol % ) MosSh (mol % ) 
#10 67.7 13.2 19.l 
#13 61.8 25.7 12.5 
*Based on chemical analysis results, the accuracy is l.Omol%. 
Sample #13 is hereby illustrated for the solidification path as an example. Other 
samples have similar solidification process. 
Mo Si s 3 
M . 5 .. 3o 40 o3 I 
Fig 3.4 Illustration for solidification 
path of sample #13 
As sample #13 is cooled from liquid, the first 
solid to appear is T2 and the liquid composition 
move along the extension of tie line T2- l 3 toward 
the liquidus boundary between MosSh and T2 (Fig 
3.4). The first peak on the DTA solidification curve 
indicates the heat released in this process. 
Binary eutectic reaction L + T2 ~ L +Tl + 
T2 starts after the liquid composition reaches the 
Tl, T2 boundary. Since distance between the 
intersection of T2-13 and Tl, T2 boundary is fairly 
short, the liquid composition doesn't change much 
before it reaches the ternary eutectic point, which 
implies only small amount of Tl + T2 is formed. 
Normally, the temperature range from the start of 
first solid to the end of last solid for each solidification reaction is about 5°C. Therefore, this 
binary eutectic reaction releases small amount of heat, which is not sufficient to give an 
identifiable peak on the DT A curve. 
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At ternary eutectic point, reaction L +Tl+ T2 ~Tl+ T2 + Mo3Si occurs until all 
liquid solidifies. This reaction releases relatively large amount of heat and gives a large 
solidification peak on the DT A signal. The eutectic temperature for reaction IV is indicated 
from the onset point of the first peak, which is l 940°C. 
Sample #10 is in Alkemade triangle Mo3Si-Tl-T2, so it experiences solidification 
reactions: L ~Tl, L +Tl ~Tl+ T2, and L +Tl +T2 ~ Mo3Si +Tl +T2. Sample #11 and 
#15 are in the Alkemade triangle of Mo-T2-Mo3Si, so they all end with ternary eutectic 
reaction L +Mo+ T2 ~Mo+ T2 + Mo3Si. Sample #12 and #16 are also in triangle Mo-T2-
Mo3Si, however their binary eutectic reaction, L + Mo ~ Mo + Mo3Si, differs from that of 
#11 and #15. Therefore, the ternary eutectic reaction for sample #12 and #16 is L +Mo+ 
Mo3Si ~Mo+ Mo3Si + T2, which is also different from that of #11 and #15. 
3.4.3 Calculation of the reaction heat for reaction ill and IV 
The peaks of the DT A signals ar~ caused by the temperature difference between the 
sample and the reference, which results from the sample reaction heat change. For the DTA 
instrument, the heat change of the reaction b. H (J/kg) is proportional to the peak area, b. A( 
µVs/mg). 
We assume that the proportionality constant k between b. H and b. A is constant for all 
samples under same heating rate and the same gas flowing rate. Rhodium is used as standard 
sample to measure k. The heating rate is constant at 25°C during all phase transformations 
for all samples including Rhodium, and the nitrogen flowing rate is kept constant at 
50ml/min. 
b. ARh=6.52 µVs/mg, b. HRh=21.76 kJ/mol=2. llxl05 J/kg 
k =Mi Rh = 3.24xl04 C Is 
M 
Sample #15 and #16 were used to calculate the heat exchange for reaction ill: L - Mo 
+ T2 + Mo3Si. Heat exchange for reaction IV: L - Tl+ T2 + Mo3Si was calculated from 
sample #10 and #13. 
Sample #15 is hereby taken as an example to show the calculation for the reaction heat. 
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The peak area measured from the first endothermal peak is ""'- A=4.25 µVs/mg for 
sample #15. The mass of the sample is measured before the DTA test. The reaction heat for 
III is: 
Afl reaction/II = k • M / C 
C represents the mass fraction of sample #15 involved in reaction III. 
Assume 1 mol of product is generated from reaction III. The position of reaction III in 
the ternary phase diagram is 73at%Mo-21at%Si-6at%B. Therefore, the exact ternary eutectic 
reaction according to the lever rule is: 
L -7 0.16 •Mo+ 0.72 • Mo3Si + 0.12 • Mo5SiB2 
Assume lmol of as-cast condition sample #15 is in the DTA test. There are three 
melting reactions: 
L -7 Mo+ Mo3Si + Mo5SiB2 
L -7 Mo+ Mo5SiB2 
L-7Mo 
All the Mo3Si is generated in the ternary eutectic reaction. According to Table 5.5, 
there are 0.104 mol Mo3Si, 0. 732 mol Mo, 0.164 mol T2 and the mass for each phase is 
32.86g, 70.23g and 86.82g, respectively. The entire sample mass is 189.9lg. 
According to the portion of the three phases in reaction III, 
Mo Mo3Si T2 = = 0.16 0.72 0.12 
The amount of each phase in the reaction is: Mo: 0.023mol, 2.21g; Mo3Si: 0.104mol, 
32.86g; MosSiB2: 0.017mol, 9.00g. Total mass in the reaction is 44.07g. The mass fraction of 
sample #15 included in reaction III is: 
c = 44·07 = 0.232 
189.90 
Therefore, the reaction heat for III is: 
Afl reaction/I/ = k • M/ C = 5.95X105 J /kg 
Similarly, the reaction heat for III calculated from sample #16 is 5.83x 105 JI kg. 
Reaction heat for IV calculated from sample #10 and #13 are 8.85x105 JI kg and 
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9.12xl05 JI kg, respectively. The uncertainty is about 10% of the absolute value. The 
average reaction heat for III and IV are: 
Mf reactionlll = 5.89±0.06Xl05 J f kg 
MI reactionIV = 8.99±0.09X105 J /kg 
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CHAPTER 4: CONCLUSIONS 
In this investigation, a process for carrying out ultrahigh temperature DT A tests for 
Mo-Si-B intermetallics was developed to study the phase transformation for compositions 
around Tl phase. Containment of the Mo-Si-B samples in the tungsten sample holder issue 
was solved by using yttria-stabilized zirconia crucibles. Linear and cubic root model for 
interpreting the relationship between phase transformation temperature and heating rate were 
discussed. Within the experimental conditions studied, linear and cubic root models did not 
result any better extrapolated temperatures than the simple arithmetic average. 
The effect of gas atmosphere on the DT A instrument, the testing results and the 
samples were discussed. Nitrogen turned out to be the only plausible inert atmosphere for 
ultrahigh temperature DTA experiments for Mo-Si-B samples. Argon and helium mixture 
degraded the type C thermocouples and caused drift of measured temperature. Optimum gas 
flow rate is also determined to be 50 ml/min. 
Calibration work on the W-Re thermocouples of the DT A instrument was carried out 
from l 700°C to 2100°C. Alumina, rhodium, platinum as well as known molybdenum silicides 
were adopted as standard materials for the calibration. Finally, equation TO= Tm+ 28 ±3°C 
was adopted to interpret the equilibrium melting temperature from measured values for Mo-
Si-B materials. 
All Mo-Si-B samples were prepared from high purity (>99.5%) Mo, MoB and Mo5Si3 
powders. All samples were annealed at l 780°C for 72 hours to reach equilibrium. 
Equilibrium phase assemblages were verified by X-ray diffraction analysis. However, 
chemical analysis indicates that the composition of samples drifted significantly from the 
starting composition, as a result of evaporation of silicon and boron during sintering or 
annealing. A relatively shorter annealing time is suggested for future work. 
The study for liquidus surface of Mo-Si-B system on Mo-rich region is based on the 
liquidus projection by Nunes et al [16]. It was assumed that all the liquidus boundaries and 
reaction positions in the phase diagram from their study were accurate. This study was 
focused on two ternary solidification reactions, III: L- Mo+ T2 + Mo3Si, and N: L - Tl 
+ T2 + Mo3Si. The nature of reaction N was clarified to be a eutectic reaction rather than 
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peritectic as claimed by Nunes et al [16] by studying the microstructure. The solidification 
paths for all the Mo-Si-B samples were studied. Temperatures for reaction ill and IV were 
found to be 1924±3°C and 1938±3°C, respectively. It was assumed that the reaction heat was 
proportional to the peak area of the DT A signals. The reaction heat for ill and IV is calculated 
from DTA measurement to be: 11Hreactionm=5.95x105 J/kg and 11HreactionIV=8.99x105 J/kg, 
respectively. 
This research demonstrated that ultra high DTA can be used effectively for determining 
melting temperature for very high melting compounds or phases provided experimental 
conditions are carefully controlled including sample reactions with crucible, atmosphere as 
well as reaction of the latter with the components of the instrument. 
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APPENDIX I: DTA CURVES OF AS-CAST Mo-Si-B SAMPLES 
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APPENDIX II: EXTRAPOLATION OF EQUILIBRIUM MELTING 
TEMPERATURES FROM DTA RESULTS 
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